[1] Carbon system parameters measured during several expeditions along the coast of Chile (23°S-56°S) have been used to show the main spatial and temporal trends of air-sea CO 2 fluxes in the coastal waters of the eastern South Pacific. Chilean coastal waters are characterized by strong pCO 2 gradients between the atmosphere and the surface water, with high spatial and temporal variability. On average, the direction of the carbon flux changes from CO 2 outgassing at the coastal upwelling region to CO 2 sequestering at the nonupwelling fjord region in Chilean Patagonia. Estimations of surface water pCO 2 along the Patagonian fjord region showed that, while minimum pCO 2 levels (strong CO 2 undersaturation) occurs during the spring and summer period, maximum levels (including CO 2 supersaturation) occur during the austral winter. CO 2 uptake in the Patagonia fjord region during spring-summer is within the order of −5 mol C m −2 yr −1 , indicating a significant regional sink of atmospheric CO 2 during that season. We suggest that the CO 2 sink at Patagonia most probably exceeds the CO 2 source exerted by the coastal upwelling system off central northern Chile. 
Introduction
[2] The coastal ocean is characterized by intense biogeochemical cycling forced by the interaction between ocean, land, and atmosphere. The nature of these interactions depends on several factors (e.g., land morphology, ocean and atmosphere circulation patterns, among others) but is generally characterized by large and variable exchanges of matter and energy (e.g., heat, CO 2 , water) at the interfaces (e.g., airsea, sea-sediment).
[3] Carbon exchange at the air-sea interface in coastal areas may play an important role in the global carbon cycle [Chen and Borges, 2009] . However, coastal waters have been poorly covered by surveys of air-sea exchange given their high spatial and temporal heterogeneity [Ducklow and McCallister, 2004; Chen and Borges, 2009] . In coastal zones in the Northern Hemisphere, various researchers have observed that, while high-latitude systems tend to be sinks for atmospheric CO 2 , low-latitude systems tend to be sources of CO 2 to the atmosphere [Borges et al., 2005; Cai et al., 2006; Chavez et al., 2007; Chen and Borges, 2009] . A global analysis Takahashi et al. [2009] showed that this coastal pattern is applicable throughout most of the South Pacific Ocean (∼0°S-55°S). However, the resolution and empirical basis for this pattern are very limited in the southeastern Pacific coastal area [Takahashi et al., 2009] , in particular, in the large region of fjords and channels of Patagonia. On the basis of a compilation of available measurements of carbonate system parameters, we describe the direction of coastal CO 2 air-sea fluxes off the west coast of South America from the subtropics to high latitudes (23°S-56°S) and discuss the processes and factors that may control these patterns.
Study Area, Wind Regimen, and Precipitation Patterns
[4] Contrasting with the straight, smooth, and meridionally oriented coastal line along northern and central Chile (∼18°S-40°S), a complex system of fjords and islands extends south of 42°S (Figure 1 ). Broadly speaking, the axis of the mean position of the west wind belt (∼43°S) separates both zones. As we progress equatorward (northward), an increasing influence of the subtropical anticyclone results in upwellingfavorable southerly winds and a decreasing seasonality. The poleward (southward) zone is year-round under the influence of traveling disturbances in the westerlies (cyclones, anticyclones, and associated frontal systems) that result in prevailing northerly (downwelling favorable) winds along the coast [e.g., Strub et al., 1998; Pizarro, 2000] .
[5] Beyond the low-frequency variability in the strength and position of these climate factors (i.e., subtropical anticyclone, west wind belt, subpolar low) in connection with the Pacific Decadal Oscillation (interdecadal) and El Niño-Southern Oscillation (interannual) cycles, seasonal changes modulate the mean intensity of upwelling-favorable winds along the northern zone. In the northernmost section, upwelling is almost permanent, in particular, during austral spring and summer when coastal winds are stronger in connection with the strong subtropical anticyclone (spring) and the strong land-sea thermal contrast due to the seasonal minimum in low cloud cover (summer). Upwelling here concentrates near the coast because of an anticyclonic windstress curl caused by seasonally weaker trade winds off the coast. In addition, this coastal area is highly sensitive to intraseasonal, equatorially forced, coastally trapped waves that propagate poleward and Rossby waves directed offshore that periodically change the depth of the nutricline/ thermocline, which in turn affects the efficiency with which local winds drive upwelling. Mostly south of 27°S, the passage of synoptic-scale disturbances and associated upper-air waves in the west wind belt generate poleward-propagating coastal lows [e.g., Garreaud et al., 2002] that force quasiweekly strengthening-relaxation cycles in the upwellingfavorable winds. Between 30°S and 35°S, offshore surface winds also peak during the strengthening phase of coastal winds in the form of a jet whose axis is located at about 150-200 km offshore [Garreaud and Munoz, 2005] . Therefore, a widening of the coastal upwelling zone associated with the [Friederich et al., 2008] are depicted by a symbol and the corresponding bars represent the range of DpCO 2 during the sampling period (see Table 1 ). The area enclosed by an orange line depicts Northern and Southern Ice Field.
Ekman drift derives from the cyclonic wind stress curl onshore of the jet axis. This is an almost year-round phenomenon at 30°S, with increasing seasonality southward, appearing only in late spring-summer at 36°S-38°S.
[6] South of 40°S-42°S, synoptic-scale disturbances in the west wind belt are characterized by eastward-drifting cyclones and anticyclones with associated frontal systems, resulting in shifting wind directions superimposed on the prevailing northerlies.
[7] In terms of freshwater input to the coastal ocean, there exists an extreme latitudinal gradient in precipitation, ranging from a negligible mean accumulation per year at Antofagasta (23°S) to more than 7 m at about 50°S (near Guarello Island [Devynck, 1971] ). In Patagonia, this orographic effect of the Andes Mountains on precipitation is characterized by decreasing mean annual precipitation from about 5000 mm along the coast of western Patagonia to less than 400 mm in the other side of the mountains.
CO 2 Outgassing in Coastal Upwelling Areas Off Central and Northern Chile
[8] The equatorward, alongshore coastal winds promote upwelling of cold, oxygen-poor water enriched in dissolved inorganic carbon (DIC) and supersaturated in CO 2 [Torres et al., 1999 [Torres et al., , 2002 [Torres et al., , 2003 Torres, 2001 , Friederich et al., 2008 , Paulmier et al., 2008 Goyet et al., 2009; Torres and Ampuero, 2009] . The immediate CO 2 outgassing caused by upwelling can be enhanced because of the rapid heating of surface waters at these warm latitudes [Torres et al., 1999] . Because the winds that promote upwelling of CO 2 -rich waters are also the key factor driving the ventilation of CO 2 , the effect of wind stress on CO 2 outgassing is expected to be synergic in upwelling areas off Chile [Torres et al., 1999] . Strong across-shore CO 2 gradients have been reported during active upwelling, with maximum surface water CO 2 supersaturation at the "upwelling foci" (denser surface waters) located closer to the coast [Torres et al., 1999 [Torres et al., , 2002 Goyet et al., 2009] . Offshore from the introduction belt (i.e., offshore from the region where isopycnals are tilted up with Rossby internal deformation radii of 35-40 km for northern Chile), surface water pCO 2 values are substantially lower and nearer to atmospheric equilibrium [cf. Torres et al., 2002] . The pCO 2 of this offshore water appears to be primarily determined by temperature, because CO 2 supersaturation increases with sea surface temperature (SST) in the salty and oligotrophic subtropical water [Torres et al., 2002] . Meanwhile, filaments of relatively low-salinity waters that propagate offshore from the upwelling foci are slightly undersaturated in CO 2 and exhibit high fluorescence [Torres, 2001; Lefèvre et al., 2002] , suggesting an active biological pump.
[9] Middepth waters (equatorial subsurface water; ESSW) that feed the deep upwelling off Chile flow into the PeruChile undercurrent [Brandhorst, 1971; Silva and Neshyba, 1979] , transporting products of both aerobic (e.g., dissolved oxygen deficit and excess CO 2 ) and anaerobic (e.g., nitrate deficit and corresponding excess CO 2 ) respiration from lower to higher latitudes [Dugdale et al., 1977; Fedele, 1993; Fuenzalida et al., 2009; Silva et al., 2009] . The upward transport of the nitrate deficit and its associated CO 2 excess (from anaerobic respiration) implies a reduction in the new production when this water returns to the euphotic zone [Torres, 2001] . This constraint for new production and concomitant enrichment in CO 2 is one factor that explains the high CO 2 outgassing in waters off northern and central Chile [Torres, 2001] and Peru [Friederich et al., 2008] .
[10] Above the Chile-Peru undercurrent, a low salinity and more oxygenated subantarctic water mass is advected equatorward from rainy latitudes. This subantarctic water sinks at about 35°S, constituting the shallow salinity minimum that extends to about 15°S [Brandhorst, 1971] . This water mass feeds shallow upwelling [Brandhorst, 1971] and is depicted by low surface salinity values, relative to offshore, salty subtropical surface waters [e.g., Strub et al., 1998; Torres et al., 2002] . Large-scale CO 2 -undersaturated surface waters off northern Chile repeatedly coincide with the upwelling of this low-salinity water mass [Lefèvre et al., 2002] .
[11] Following the active phase of an upwelling event, the phytoplankton-poor, CO 2 -supersaturated upwelled waters produce high levels of phytoplankton biomass (typically diatoms), and the biological uptake of nutrients (including CO 2 ) can eventually switch the direction of CO 2 fluxes [e.g., Simpson and Zirino, 1980] . However, low levels of dissolved iron may prevent the rapid interception of upwelled CO 2 by phytoplankton off central Chile (near 30°S [Torres and Ampuero, 2009] ) and off Peru [Friederich et al., 2008] , and therefore carbon uptake by phytoplankton can be limited even before nitrate is depleted.
Patagonian Fjords of Southern Chile
[12] Large-scale wind circulation patterns do not promote coastal upwelling at latitudes higher than 40°S, in particular, in the Pacific region of Patagonia, which is characterized by intricate geography covering some 10 5 km 2 of coastal ocean. The Patagonian fjords and channels (42°S-56°S) are colder, less saline, and more stratified than the coastal areas affected by upwelling events. Certainly, at these cold and rainy latitudes, the enormous freshwater input into the coastal ocean because of high levels of precipitation [Dávila et al., 2002] and meltwater from the Patagonian ice fields [Rignot et al., 2003 ] has a dominant effect on hydrological processes and surface water properties. The elevated freshwater inputs enhance surface stratification and create strong haloclines in several fjords and estuaries of the region. By limiting the depth of turbulent mixing, stratification acts to confine primary producers to the near surface and isolates the surface layer from the CO 2 -rich water below the pycnocline. By preventing mixing with deeper waters, these physical conditions support the biological sequestration of surface CO 2 and maintain a CO 2 -depleted surface water layer (i.e., stratification separates production and respiration processes [see Thomas et al., 2004] ). Moreover, low-salinity waters are enriched with both silicic acid [González et al., 2010; B. Reid, personal communication, 2010] and dissolved iron [Gaiero et al., 2003] , which may enhance diatom proliferation.
[13] The uptake or release of CO 2 by fjord surface waters largely depends on the dominant metabolic status of this top layer (i.e., autotrophy versus heterotrophy). CO 2 fluxes determined for the Atlantic side of the continental shelf of Patagonia (comprising 10 6 km 2 ) have shown that these areas are an important sink of CO 2 during warm periods [Bianchi et al., 2005] . However, the overall contribution of the fjord system of Pacific Patagonia as a source or sink of CO 2 has not been determined.
Methods

DpCO 2 Data Synthesis
[14] CO 2 data used in this study were obtained from various expeditions carried out along the Chilean coast between 1996 and 2009 ( Table 1) . Most of the data correspond to pCO 2 measurements obtained by means of air-sea equilibration methods coupled with a nondispersive infrared CO 2 gas analyzer [e.g., Dickson and Goyet, 1994] . Additional estimates of pCO 2 from pH@25°C and total alkalinity (A T ) were determined using the CO2SYS program [Lewis and Wallace, 1998 ] with Mehrbach solubility constants [Mehrbach et al., 1973] refitted by Dickson and Millero [1987] . In order to estimate DpCO 2 , records of the atmospheric pCO 2 level were subtracted from the surface seawater pCO 2 (Table 1) . When atmospheric pCO 2 data were not measured (see Table 1 ), atmospheric CO 2 molar fraction (X CO2 ) data from Patagonia (54.87°S and 68.48°W) were obtained from the Globalview-CO 2 database [Globalview-Co 2 , 2009].
Estimation of CO 2 Flux at the Air-sea Interface
[15] The flux of CO 2 (FCO 2 ) across the air-sea interface was determined for those expeditions in which DpCO 2 , wind speed, temperature, and salinity data were available (n = 4; Table 1), using the bulk formula: FCO 2 = k × s × DpCO 2 , where k is the gas transfer velocity (i.e., Wanninkhof's quadratic relationship for short-term, shipboard wind speed [Wanninkhof, 1992] ), s is the CO 2 solubility and DpCO 2 is the difference in the CO 2 partial pressure between surface water and air. In order to compare data collected from different cruise tracks and at different spatial resolution, data were averaged every 1°latitude.
Salinity-Alkalinity Relationship and Calculation of C T and DC T
[16] The salinity-alkalinity relationship was used to calculate total carbon (C T , or DIC) from paired pCO 2 and salinity data, using the CO2SYS program [Lewis and Wallace, 1998 ] with the Mehrbach solubility constant [Mehrbach et al., 1973] refitted by Dickson and Millero [1987] . Surface water samples collected for A T measurements during the Humboldt 2009 expedition (R/V Hesperides; March 2009) were analyzed following Haraldsson et al. [1997] . The measured surface A T was strongly associated with salinity (R 2 = 0.99) in fjord waters. The regression obtained (A T (meq. kg −1 ) = 61.9 × Salinity + 151), was very similar to that derived from the pCO 2 and C T paired data measured during the Beagle Expedition (R/V Mirai) from 36°S to 54°S (A T (meq. kg −1 ) = 61.8 × salinity + 145). Therefore, we used the former relationship to estimate A T from salinity, and to estimate the rest of the carbonate system parameters for the historic data (i.e., from salinity and pCO 2 paired data).
[17] The difference between C T calculated from corresponding surface water pCO 2 and atmospheric pCO 2 (using A T derived from the A T -salinity relationship) is designated DC T . The DC T is interpreted as a proxy for the apparent dissolved inorganic carbon production, revealing the degree of enrichment (positive C T ) or depletion (negative C T ).
Effect of Phytoplankton on pCO 2 in Estuarine and Marine Waters
[18] We assessed the effect of carbon fixation by phytoplankton on pCO 2 by running a numerical model (CO2SYS program) in which C T was either removed or added from two water bodies with different salinity, defined here as 25 and 35. Initial conditions assumed full saturation with atmospheric 
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CO 2 (DpCO 2 = 0 and DC T = 0), but with different salinity (and alkalinity proportional to salinity; see section 2.3). The model assumed an initial nitrate level of 10 mmol kg −1 and pCO 2 of 380 matm. Temperature and pressure were assumed constant (12°C and 1 m depth). The calculations were determined using CO2SYS [Lewis and Wallace, 1998 ] with the Mehrbach solubility constants [Mehrbach et al., 1973] refitted by Dickson and Millero [1987] , and assuming that (1) the A T variability is exclusively caused by increases or decreases in nitrate; (2) the changes in nitrate (DNO 3 − ) and carbon (DC T ) are exclusively caused by photosynthesis and respiration in Redfield proportions.
Estimation of Primary Production and Community Respiration in a Stratified Fjord (Puyuhuapi Fjord) During the Austral Summer Period
[19] Gross primary production (GPP) and community respiration (CR) were estimated from changes in dissolved oxygen (DO) concentrations observed in situ light and dark incubations [Strickland, 1960] . Water sampled via Niskin bottles was transferred to 125 mL nominal borosilicate bottles (gravimetrically calibrated). Water samples were collected at dawn and were incubated during the entire light period. All incubations were performed with five replicates. The light and dark bottles were incubated using a surface-tethered mooring system. Dissolved oxygen was measured by a manual method based on the Winkler procedure, using a piston burette.
Results
Surface DpCO 2 Along the Coast Off Chile
[20] Surface pCO 2 from expeditions along the Chilean coast showed the predominance of CO 2 -supersaturated surface waters from 21°S to 37°S (Figure 1 ). Very high CO 2 supersaturation (DpCO 2 > 400 matm) was observed at the two major upwelling centers off Concepción and Coquimbo during the austral spring-summer period (Figure 1) . South of ∼37°S, pCO 2 decreased sharply during the austral springsummer period. A close inspection of this area (Figure 2a) showed that north of 37°S, the cold and salty (>34.2) surface waters ( Figure 2b ) were enriched in dissolved inorganic carbon (C T ) and poorly oxygenated (Figure 2c ). This water was also highly enriched in nitrate and strongly CO 2 supersaturated (Figure 2d ). Conversely, surface waters at latitudes >37°S were less salty and more oxygenated, with lower levels of C T , strongly undersaturated in CO 2 , and depleted in nitrate (Figure 2) . Several expeditions at the Coquimbo upwelling center (Figures 1 and 3) suggested that maximum levels of surface water pCO 2 occurred in relatively cold water near the [21] The Patagonian fjord region (42°S-55°S) showed a prevalence of CO 2 undersaturation, particularly at latitudes higher than 47°S (Figure 1 ). The shallow waters of the inner Chiloe archipelago (from 42.2 to 43.0°S, where mean bottom depth is ∼95m, with a significant portion of very shallow areas <20 m depth) and waters north of the windy Golfo de Penas 46°S were supersaturated in CO 2 (DpCO 2 between 50 and 200 matm; Figure 1 ). Conversely, surface waters were persistently CO 2 -undersaturated near the Southern Ice field (e.g., 48°S-52°S; Figure 1 ), where the coastal ocean receives high inputs of freshwater from glaciers. In general, low-salinity surface water in the fjords and channels of Patagonia (e.g., salinity <28) are strongly undersaturated in CO 2 (Figure 4) .
[22] An offshore transect at 53°S (Figure 5a ) showed that subantarctic surface water (SSW) was relatively low in pCO 2 (slightly CO 2 undersaturated) during the austral summer, particularly in the low-salinity surface waters found closer to the continent shelf edge (Figure 5b ). The maximum nitrate, phosphate, and C T levels were located along the offshore side of the transect, associated with less CO 2 -undersaturated surface waters (Figures 5b and 5c) . Despite of the high levels of nitrate and phosphate, the surface-dissolved silicate (DSi) was invariably low (<2 mM, Figure 5c ).
Seasonal Variability of DpCO 2 Within Fjords and Channels of Patagonia
[23] Repeated surface (5 m) DpCO 2 estimates in a northern Patagonia fjord (Huinay Marine Station at 42°S, Figure 1) during the austral winter (July), spring (November), and late summer (March) showed that surface waters were undersaturated in CO 2 during spring and summer, but they were CO 2 supersaturated in winter. A repeated transect of underway pCO 2 measurements near the Southern Patagonia Ice Fields (SPIF; Figure 6 ) suggested a similar pattern: while particularly low surface water pCO 2 values occurred in spring and summer (i.e., larger CO 2 undersaturation), maximum surface pCO 2 (close to atmospheric pCO 2 level) occurs during winter (Figure 6b ). The reduction of surface seawater salinity (SSS) from spring to summer was associated with an increment in SST (Figures 6c and 6d) . However, individual peaks of low SSS were often associated with relatively cold waters, a phenomenon probably caused by the input of recently melted glacial ice. At ∼50°S, at the mouth of two fjords connected to the Southern Ice Field, winter SSS values were higher than in spring and summer ( Figure 6c and Table 2 ); this seasonal variability is most probably caused by a high input of freshwater during the warm periods. It is worth noting that the extreme surface water CO 2 undersaturation, which occurred near 50°S during February 2008, was associated with low salinity but particularly cold water at 50°S (Figures 6b-6d) . In general, peaks of maximum CO 2 undersaturation occurred in low-salinity surface waters (Figures 6b and 6c) .
[24] During the Beagle 2003 (R/V Mirai) and Humboldt 2009 (R/V Hesperides) expeditions, A T showed a linear relationship with SSS (section 2.3 and Figure 6e ). At 10°C, the winter pCO 2 was maximum (Figure 6f) , and the apparent consumption of CO 2 was minimum (DC T closer to zero; Figure 6g ). Along the northern side of the "Angostura Inglesa" strait, pCO 2 at 10°C was substantially lower during austral summer (December-March) than in spring (October), while DC T during the austral summer was not always higher (in absolute value) than during the spring period. This suggests a similar consumption of CO 2 during both periods (austral spring and summer) even though surface nitrate was often higher during austral spring (R/V Mirai data) compared with the austral summer (R/V Ronald Brown data; Figure 6h ).
Spatial Variability of DpCO 2 Within Patagonian Fjords
[25] pCO 2 variability off the SPIF area ( Figure 6 ) was similar between surveys (note the similarity in the spatial variability of pCO 2 at 10°C in spring and summer surveys between 49°S and 51°S, Figure 6f ). Glacial fjords were associated with intense spatial gradients in surface water pCO 2 . Surface waters at the head of the fjord were characterized by an intense undersaturation in CO 2 , contrasting with higher surface water pCO 2 values at the fiord's mouth (Figure 7a ). During austral winter in the Penguin and Europa glacial fjords, the cold and less salty inner fjord waters exhibited lower surface water pCO 2 than the warmer and saltier surface waters at the fjord's mouth (Figure 7b ). Indeed, surface water pCO 2 was positively correlated with both temperature and salinity (Table 3) . Because the SST range along the fjords exceeds 9°C (Table 3) , low pCO 2 in cold, low-salinity waters could be an effect of temperature. However, the correlation between salinity and pCO 2 persists even when pCO 2 is corrected for temperature (pCO 2 at 10°C; Table 3 ). Vertical pCO 2 profiles along a glacial fjord within the Magellan strait (54°S, during austral spring 2005; Figure 8 ) also showed along fjord CO 2 gradients, from minimum pCO 2 and apparent oxygen utilization (AOU) values at the head of the fjord to higher levels at the fjord's mouth. During this campaign, we observed a close connection between surface water O 2 supersaturation (negative AOU levels) and CO 2 undersaturation, indicating strong autotrophic behavior in the surface layer (Figure 8) . Accordingly, the estimation of phytoplankton productivity and community respiration of surface water (5 m) in the Seno Ballena fjord during the austral spring (2005) showed a GPP/CR ratio between 4 and 16 (n = 3, data not shown).
[26] A high-resolution vertical profile taken at the Puyuhuapi fiord (44°S) during the austral summer of 2007 showed that the warm halocline that characterized the upper 9 m depth layer (Figures 9a and 9b ) had invariably high pH values ( Figure 9c ) and was strongly undersaturated in CO 2 (Figure 9d ). Meanwhile, daily in situ primary productivity experiments showed high rates of phytoplankton production ( Figure 9e ) compared with community respiration (Figure 9f ) within the low pCO 2 surface layer (i.e., top 9 m). Thus, biological consumption of C T (GPP/CR > 1, Figure 9g ) probably maintained the low pCO 2 in surface waters. The DC T (section 2.3, Figure 9h ) and dissolved oxygen (Figure 8i ) reveal autotrophic behavior in the low-salinity layer. Based on the net productivity (i.e., GPP-CR) of these low-salinity surface waters of approximately 3-5 mg C L −1 h −1 , we estimate that phytoplankton productivity could deplete C T by about 50 mmol kg −1 (DC T = −50) over approximately 5-8 days. In general, minimum values of pCO 2 occurred in highly productive, low-salinity surface waters segregated by a strong halocline from the deeper heterotrophic layer (denser, saltier, and CO 2 -supersaturated; Figure 9 ).
Theoretical Effect of Phytoplankton Carbon Fixation on pCO 2 in Estuarine and Marine Water
[27] The modeling results suggested that the pCO 2 decline associated with uptake of macronutrients (e.g., C T , nitrate) by primary producers was more intense in estuarine waters than in more salty waters (Figure 10a) . Similarly, the remineralization of organic matter resulted in a greater increase in DC T in estuarine water compared with marine waters (Figure 10a ). Note that the relationship between pCO 2 and DC T is asymmetric ( Figure 10a) ; the release of C T increased pCO 2 to a higher degree than the reduction of pCO 2 resulting from C T consumption. This asymmetry was due to the increase in the Revelle Factor with increasing pCO 2 [Broecker et al., 1979] , thus reducing the buffer capacity of seawater (Figure 10b ). This last phenomenon was particularly evident in low-salinity waters; note that the slope in the Revelle Factor-DC T relationship was higher for estuarine (m = 0.06) than for marine waters (m = 0.03; see Figure 9b ).
CO 2 Exchanges at the Air-Sea Interface Along the Chilean Coast
[28] Coastal DpCO 2 determined during four surveys in the spring-summer period (Figure 11 ) showed large deviations from saturation levels (Figure 11b ). The SST decreased toward high latitudes (Figure 11c ). Wind speed measured in eight coastal meteorological stations in Patagonia suggest that wind speeds within fjords and channels were highly variable (black square symbol, Figure 11d ; see Table 4 ). The mean wind speed was approximately 5 m s −1 , with minimum values at topographically wind-protected areas (e.g., such as in the innerfjord of Seno Eyre and Puerto Eden; Table 4) and maximum values were from areas well exposed to oceanic winds, at the southernmost station (i.e., Faro Diego Ramirez, Table 4 ) and at Golfo de Penas (Faro Raper, Table 4 ). Onboard wind speed records showed a large range of variability, but maximum wind speed values up to 26 m s −1 were recorded only at higher latitudes (Figure 11d ).
[29] Latitudinal SST gradients (Figure 11c ) and the maximum wind speed event in southern Patagonia (Figure 11d ) yielded a north to south gradient in the CO 2 solubility coefficients (a; Figure 11e ) and the gas exchange coefficients derived from onboard records (k; Figure 11f ). This latitudinal gradient in a, k, and CO 2 undersaturation yields a large CO 2 flux (a × k × DpCO 2 ) toward the coastal ocean of Patagonia (Figure 11e) .
[30] The mean ± SD CO 2 flux in Patagonia (from 42°S to 55°S) based on 1°latitude binned averages for the four available surveys (Figure 11a ) was −15 ± 17 mmol m −2 d −1 . This mean flux was associated with a high mean ± SD CO 2 undersaturation (−51 ± 62 matm) in surface waters, a high mean CO 2 solubility (0.044 ± 0.003 mol l −1 atm −1 ), and a particularly high mean K (27 ± 13 cm h −1 ) at these cold, windy latitudes. The estimation of mean CO 2 fluxes across the upwelling areas of central and northern Chile were precluded by the paucity of data [see Torres et al., 1999] .
Discussion
Strong Coastal Surface Water CO 2 Supersaturation and Deep Upwelling Off Chile
[31] Particularly high DpCO 2 values in surface waters off Concepción (37°S-35°S) during austral spring-summer (Figures 1 and 2) were associated with the upwelling of salty (e.g., >34.2), cold, and poorly oxygenated water (Figure 2 ). This suggests that the upwelled water was enriched in ESSW [Brandhorst, 1971] . The ESSW is advected south in the Chile-Peru undercurrent [Silva and Neshyba, 1979] and feeds the deep upwelling of the entire Chilean upwelling region [see Brandhorst, 1971; Strub et al., 1998 ]. Because the highest pCO 2 of the South Pacific eastern boundary current occurs at the core of the cold and salty ESSW [e.g., Torres et al., 2002] , deep upwelling (i.e., from the undercurrent) may explain the very high DpCO 2 surface values (e.g., Concepción, Coquimbo, and Antofagasta in Figure 1 ; see review by Strub et al. [1998] ). At 37°S, the upwelling of water from the undercurrent toward the shelf is expected to be enhanced by a deep-water cyclonic eddy [Leth and Middleton, 2004] . This particularly deep upwelling may explain the strong CO 2 outgassing from coastal waters at 37°S, and this upwelled water is expected to be advected north through the meandering Chile coastal current [Leth and Middleton, 2004] . [32] During spring-summer, a strong tendency toward thermal stratification coincided with the period of intense wind-forced upwelling, thus higher pCO 2 levels are associated with the erosion of the thermocline/pycnocline (i.e., reduction in water column stratification) close to the edge of the continental shelf (Figure 3 ). This maximum coastal surface water pCO 2 set up strong across-shore pCO 2 gradients during active upwelling [e.g., Torres et al., 1999 Torres et al., , 2002 , as has been reported for other coastal upwelling systems (e.g., off Point St. George, California [Feely et al., 2008] ).
[33] High levels of CO 2 undersaturation may also occur within the main upwelling centers (e.g., Concepción, Coquimbo, and Antofagasta, Figure 1 ), probably as a consequence of photosynthesis in stratified coastal waters (e.g., at fronts, within bays, during relaxation of the upwelling [see Lefèvre et al., 2002; Torres et al., 1999 Torres et al., , 2002 Torres and Ampuero, 2009] ). However, CO 2 undersaturation levels were less intense than those observed in the southern portion of the study area (e.g., between 47°S and 51°S; Figure 1 ). This pattern could be caused by the interaction of several factors, including the more intense stratification and the more efficient reduction of pCO 2 per utilization of C T (and other nutrients) by photosynthesis in the low-salinity waters of southern Chile (see section 3.4 and Figure 10 ). [34] At latitudes higher than 37°S, surface water was predominantly undersaturated in CO 2 during spring-summer. Upwelling events still occur between 38°S and 40°S [Figueroa and Moffat; 2000] , but the upwelling centers seems to be located over the continental shelf [Atkinson et al., 2002] . Within these centers, oxygen-poor ESSW intrudes into the coastal waters, sometimes affecting surface waters [Atkinson et al., 2002] and potentially leading to a strong CO 2 outgassing. However, we cannot assess this last hypothesis because the cruise tracks (Figure 1) did not enter the continental shelf in this area (38°S-40°S). In general, the coastal water dynamics of the southern portion of the upwelling region of Chile (38°S-40°S) is highly complex because of the influences of the coastal upwelling, the presence of offshore eddies, the influx of runoff at these rainy latitudes, and the broad continental shelf. This complexity seems to be associated with high biological production [Atkinson et al., 2002] , which could explain the persistence of waters highly undersaturated in CO 2 in this area (Figure 1) .
[35] Chaigneau and Pizarro [2005] have shown that oceanic SSW transported within the Antarctic Circumpolar Current can be trapped within the Chile-Peru Current or Cape Horn Current at approximately 44°S, and advected along the coast to lower and higher latitudes, respectively. Consequently, surface water flowing north along the coast (e.g., from 44°S to 38°S) may correspond to the early encounter of oceanic SSW with the coastal environment. This coastal environment is characterized by influx of both (1) continental nutrients (e.g., dissolved iron and dissolved silica derived from a broad continental shelf and river discharges at these rainy latitudes) and (2) middepth ocean nutrients derived from the upwelling of relatively salty and poorly oxygenated ESSW. The recurrent strong CO 2 undersaturation (Figure 1 ) and postbloom characteristics, such as nutrient depletion (Figure 2) , between 44°S and 38°S could be caused by a particularly high productivity triggered by the mixing of oceanic (i.e., nitrate-rich and slightly CO 2 undersaturated SSW, Figure 5 ) and iron-enriched coastal waters. Support for this hypothesis includes the following:
[36] 1. Preserved diatom assemblages in surface sediments off Chile [Romero and Hebbeln, 2003] shows an abrupt decrease of Chaetoceros spores south of 38°S off Chile, coupled with the enhanced contribution of Thalassiosira spp. This latter diatom is characteristic of high-productivity, lowtemperature waters, suggesting a contribution from the ironlimited, nutrient-rich Antarctic Circumpolar Water [Romero and Hebbeln, 2003 ].
[37] 2. The net flux of CO 2 from the atmosphere to the ocean close to southern Pacific Patagonia (approximately below 42°S) is particularly intense compared with offshore observations (e.g., between 80°W and 110°W [Takahashi et al., 2009] ). This suggests that the capacity of the southeastern Pacific Ocean to sequester CO 2 intensifies as oceanic water moves closer to the continent. Accordingly, the acrossshore transect off Patagonia ( Figure 5 ) showed that surface seawater pCO 2 tends to decrease toward the continental shelf. [38] The high seasonal variability of solar irradiance in Patagonia is expected to force a concomitant variation in surface water productivity and in surface water nutrients concentrations (e.g., nutrient depletion during summer, after the spring bloom). Conversely, open ocean surface waters off Patagonia ( Figure 5 ) were nutrient-rich during the height of the austral summer (Figure 5c ), with very low dissolved silicate levels (Figure 5c ) that inhibit diatom blooms [Egge and Aksnes, 1992] . This pattern agrees with an iron limitation scenario in SSW [see Sedwick et al., 1999, and references therein] and with the suggestion that an initial iron limitation could force a secondary DSi limitation [Hutchins and Bruland, 1998 ]. Reduced primary productivity in oceanic SSW (due to an initial iron limitation) is consistent with near-equilibrium offshore pCO 2 levels (Figure 5a ), which contrasted sharply with coastal waters that were extremely undersaturated in CO 2 and depleted in nitrate during this season (i.e., austral summer; Figures 6b and 6h) . Consequently, the contrasting pCO 2 and nitrate levels between oceanic and coastal waters of Patagonia can be attributed to a rapid consumption of SSW macronutrients when this water enters the archipelago, with the consumption of oceanic macronutrients likely triggered by the inputs of dissolved iron (DFe) and DSi from the continent (e.g., freshwater inputs and the continental shelf). Because CO 2 undersaturation of surface waters was linked to low-salinity waters (Figure 4) , we expect that the inputs of freshwater play a key role in determining air-sea CO 2 fluxes of Pacific Patagonia. The southern coast of Chile is characterized by a high discharge of freshwater into the southeastern Pacific Ocean [Dávila et al., 2002] . At 50°S, very high levels of precipitation [Dávila et al., 2002] , in addition to the melting ice [Rignot et al., 2003] , can explain the austral summer surface salinity min- (Table 2) , as well as the offshore surface salinity gradients [Dávila et al., 2002 , Antezana, 1999 .
[39] The fjord and channels with year-round inputs of freshwater are expected to be permanently stratified and probably permanently CO 2 -undersaturated (Figure 6b ). The water column stratification derived from freshwater inputs is also a key factor that triggers phytoplankton blooms in nutrient-rich waters [e.g., Smith and Nelson, 1986; Holmedal and Utnes, 2006; Ji et al., 2007 Ji et al., , 2008 . These highly stratified surface waters act as an ample sink of CO 2 because of the high CO 2 solubility at these cold latitudes (Figures 11c and 11e ) and the efficient reduction in the pCO 2 by photosynthesis (Figure 10 ; see section 3.4). We suggest that the portion of the coastal ocean near SPIF that remains stratified for most of the year has a particularly strong capacity to act as a sink for atmospheric CO 2 , because of the interaction between physical, chemical, and biological factors, which can be collectively designated as the "alkalinity-stratificationbiological pump" (ASBP); this concept is developed further in section 4.2.2.
Alkalinity-Stratification-Biological Pump
[40] High or moderate primary production rates measured in fjord surface waters during warm periods [e.g., Pizarro et al. 2000 Pizarro et al. , 2005 Iriarte et al., 2007; González et al. 2010] suggest that consumption of C T by photosynthesis is the main factor driving the rapid depletion of pCO 2 in surface waters. Indeed, the highly productive and stratified surface waters in the fjords of Patagonia were particularly low in pCO 2 (e.g., Figures 8 and 9 ). Conversely, salty subpycnocline waters were supersaturated in CO 2 (Figure 9 ). This latter pattern confirms a high degree of vertical segregation between the autotrophic activity in the surface layer and the heterotrophic activity deeper in the water column, described by the GPP/CR ratio (Figure 9g ). Additionally, while the input of C T from deep to surface water is limited by a strong halocline, particulate organic carbon (POC) crosses the pycnocline during sedimentation events [Iriarte et al., 2007] , exporting organic carbon to more alkaline subpycnocline waters. The subsequent respiration of organic matter in subpycnocline waters is expected to be less efficient at increasing pCO 2 because of the higher buffer capacity of these saltier waters (see section 3.4).
[41] A strong halocline driven by large continental input of freshwater results in several biological, chemical, and physical phenomena that contribute to the ASBP: (1) most of the organic matter generated because of net primary productivity occurs in poorly buffered surface waters, which renders photosynthetic depletion of pCO 2 particularly efficient; (2) a portion of the organic matter that was generated in surface waters is respired in more highly buffered subpycnocline waters; and (3) surface layers are isolated from C T -enriched subpycnocline waters by a strong pycnocline. This last point implies that the vertical flux of other dissolved nutrients (e.g., nitrate) to the upper layer is also limited, so the question is: where are the nutrients coming from to sustain this production and keep pCO 2 low? The most evident source of nutrients is the horizontal advection of oceanic SSW into the fjord system: Macronutrient-rich SSW can stimulate the productivity in the fjords and channels of Patagonia without producing CO 2 outgassing (i.e., nutrient-rich SSW water was slightly undersaturated in CO 2 ; Figures 5b and 5c) . A very different situation occurs in the coastal upwelling ecosystem, where nutrient-rich upwelled waters are invariably and strongly supersaturated in CO 2 [Torres and Ampuero, 2009] .
[42] Additionally, nutrient recycling may also play a role in maintaining low pCO 2 . Although we do not have any direct assessment of the extent of nutrient recycling in the upper layer, we expect that recycled nitrogen allows decrements in C T concentrations in surface waters even at very low dissolved inorganic nitrogen concentrations [e.g., Sambrotto et al., 1993; Banse, 1994; Geider and La Roche, 2002; Schartau et al., 2007] . This excess of lost C T , termed carbon overconsumption by Toggweiler [1993] , implies that the organic material exported from surface water is enriched in carbon [Sambrotto et al., 1993] . Indeed, the C:N ratios of particulate organic matter during postbloom conditions were particularly high in the northeastern Atlantic Ocean [Körtzinger et al., 2001] . In a postbloom condition, when nutrient acquisition limits biomass production but not photosynthesis, an excess of carbon is expected to be released as polysaccharide exudation followed by the formation of transparent exopolymer particles (TEP) [Wood and Van Valen, 1990; Engel, 2002; Schartau et al., 2007] . Because CO 2 is the main source of DIC for phytoplankton photosynthesis in the ocean [Raven and Johnston, 1991] , TEP production can be directly related to the CO 2 uptake during conditions of nutrient shortage [Engel, 2002] . This circumstance may explain the reduced pCO 2 levels observed in nitrate-depleted surface waters (note in Figure 6 that the nitrate-poor summer waters were associated with very low levels of surface water pCO 2 ).
[43] The oceanographic coastal setting reported here, characterized by the mixing between macronutrient rich SSW and DSi-DFe-rich freshwater, is expected to cause events of intense coastal photosynthesis (compared with oceanic conditions). Because the resulting increment in POC includes TEP carbon [Schartau et al., 2007] , a fraction of the biological consumption of C T used during the new production of POC is decoupled from the algal growth (i.e., extracellular POC is produced [Schartau et al., 2007] ). Regardless of how carbon is partitioned after being incorporated by autotrophs, the exportation of POC to subpycnocline waters should result is a net drawdown of CO 2 and removal of carbon from surface waters. Therefore, we cannot discard the enhancing effect caused by "carbon overconsumption," particularly under nutrient shortage conditions (e.g., postbloom situation) as we previously discussed.
[44] Additionally, the input of freshwater to the coastal waters (ocean freshening) has been associated with earlier blooms and earlier nutrients depletion [Ji et al., 2007 [Ji et al., , 2008 ; thus, the marked ocean freshening of coastal waters near SPIF are expected to trigger early spring blooms, prolonging the postbloom period (e.g., characterized by low pCO 2 ). In a different way, relatively high pCO 2 levels (CO 2 -supersaturation) observed in saltier surface waters of Patagonia imply that water column mixing (i.e., the erosion of the pycnocline) could be the key mechanism in explaining CO 2 outgassing (e.g., in the shallow inner archipelago of Chiloe and near the windy Golfo de Penas; Figure 1 ).
[45] In summary, we have labeled ASBP as the interaction of three factors: (1) water column stratification (main physical factor); (2) high GPP/CR ratio in the upper layer (main biological factor); and (3) high efficiency of pCO 2 reduction in terms of DIC and nutrient consumption (main chemical factor). A conceptual diagram of the ASBP is provided in Figure 12 . We suggest that this interaction between physical, biological, and chemical factors explains the high CO 2 undersaturation levels in low-salinity surface waters (i.e., low buffer capacity and high GPP/CR ratio of surface water) and its persistence over time (i.e., continuous supply of nutrientrich but pCO 2 -low SSW, high efficiency in reduction surface water pCO 2 , and probably carbon overconsumption).
[46] The "autotrophic behavior" of the estuarine systems of Patagonia described here is in contrast with the typical "heterotrophic behavior" of northern estuaries, which receive high inputs of organic matter [Frankignoulle et al., 1998, and references therein] . This contrasting behavior may depict the fragility of the ASBP to any increment in organic matter content of the incoming freshwater, i.e., the asymmetric relationship between organic carbon productionremineralization and pCO 2 (shown in Figure 10a ) can allow a fast shift in the direction of CO 2 flux.
Quantification of the CO 2 Sink in Fjords and Channels of Patagonia
[47] Data presented here strongly suggest that Patagonian fjords are a sink for atmospheric CO 2 during the austral summer period. The estimate of the intensity of CO 2 fluxes is subject to uncertainty, mainly associated with the estimation of k (piston velocity). The most important process controlling k is turbulence at the air-seawater interface, and because the wind stress on the surface ocean is the main generator of turbulence, k is usually parameterized as a function of wind speed. At low wind speeds, parameter estimation is complicated by the presence of surfactants, convective cooling, chemical enhancement, and other factors. In coastal systems, spatial and seasonal variations of gas transfer velocity are also mainly related to wind speed, but are also modulated by water current and bathymetry [Borges et al., 2004] . Thus, the use of a generic relationship between gas transfer velocity and wind speed in estuaries carries significant uncertainty [Borges et al., 2004] .
[48] The magnitude of k reported here should be interpreted as a first approximation, and with particular caution, because onboard wind speed measurements could not necessarily represent the mean wind speed regimen in the fjords and channels of Patagonia. The estimated CO 2 flux in Patagonia (−5 mol C m −2 yr −1 ) is particularly large compared with analogous studies on the Atlantic side of the Patagonian shelf (−1.6 mol C m −2 yr −1 [Bianchi et al., 2005] ). Indeed, mean CO 2 undersaturation reported here (−51 matm) exceeds analogous estimations for the Atlantic Patagonia shelf (−24 matm [Bianchi et al., 2005] ). We suggest that this difference may be due to the influence of high inputs of freshwater by orographycally enhanced precipitations along the western side of the southern cone of America. This "freshwater" factor may be critical for (1) the transport of continental nutrients (dissolved iron and silicic acid) that may enhance diatom productivity in a region influenced by oceanic SSW that lacks significant concentrations of those elements, and (2) the functioning of the "alkalinitystratification-biological pump."
[49] Based on the CO 2 fluxes from Pacific Patagonian shelf water presented here and the estimates of the mean CO 2 flux of Atlantic Patagonian shelf waters (i.e., −1.6 mol C m −2 yr −1 [Bianchi et al. 2005 ]), we conclude that Patagonian coastal waters (a total area of 1.1 × 10 6 km 2 ) can absorb approximately 12.6 × 10 6 t C per warm season (3 and 9.6 × 10 6 t C per warm season for the Pacific and Atlantic sides, respectively), likely representing one of the largest coastal CO 2 sinks in the Southern Hemisphere.
[50] Although the estimation of mean CO 2 fluxes throughout the upwelling area of central and northern Chile was precluded by the paucity of data, we have made a very raw estimation of the maximum CO 2 outgassing, scaling a CO 2 flux of 3.5 mol m −2 yr −1 (associated with typical conditions of strong CO 2 supersaturation that can be observed in central and northern Chile [Torres et al., 2002; Friederich et al., 2008] ) up to the entire area, which is CO 2 supersaturated (36°S-23°S) during the upwelling season (austral Figure 12 . Representation of the linkages between water column stratification, CO 2 uptake by phytoplankton, and buffer capacity. (a) The ASBP concept as a highly stratified system in which the CO 2 flux (assumed to be proportional to the air-sea pCO 2 gradient) toward the upper layer is particularly intense due to the relatively high biological uptake and a low buffer capacity compared with a nonstratified water column ( Figure 12b ). (b) The reduction in surface water pCO 2 is lower because of the combined effect of the absence of vertical segregation between primary production and respiration, and the higher buffer capacity of the upper zone.
spring and summer). Assuming that this CO 2 flux is constant and extends 35 km offshore (an area equivalent to 5 × 10 4 km 2 ), this "maximum CO 2 outgassing" would be ∼1 × 10 6 t C per warm season. This theoretical maximum figure for CO 2 outgassing off Chile is still well below the 3 × 10 6 t C sequestered by the Pacific Patagonian shelf over the warm season. We therefore suggest that the CO 2 sequestration in the Patagonia fjord region during spring-summer could exceed the CO 2 source produced by the coastal upwelling system off central northern Chile during the same period.
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